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[11 How can leaching risk be assessed if the chemical flux and/or the toxicity is highly
uncertain? For many strongly sorbing pesticides it is known that their transport through
the unsaturated zone occurs intermittently through preferential flow, triggered by
significant rainfall events. In these circumstances the timing and frequency of these
rainfall events may allow quantification of leaching risk to overcome the limitations of
flux prediction. In this paper we analyze the leaching behavior of bromide and two
herbicides, methabenzthiazuron and ethidimuron, using data from twelve uncropped
lysimeters, with high-resolution climate data, in order to identify the rainfall controls on
rapid solute leaching. A regression tree analysis suggested that a coarse-scale fortnightly
to monthly water balance was a good predictor of short-term increases in drainage and
bromide transport. Significant short-term herbicide leaching, however, was better
predicted by the occurrence of a single storm with a depth greater than a 19 mm threshold.
Sampling periods where rain events exceeded this threshold accounted for between
38% and 56% of the total mass of herbicides leached during the experiment. The

same threshold only accounted for between 1% and 10% of the total mass of bromide
leached. On the basis of these results, we conclude that in this system, the leaching risks of
strongly sorbing chemicals can be quantified by the timing and frequency of these

large rainfall events. Empirical and modeling approaches are suggested to apply this
frequentist approach to leaching risk assessment to other soil-climate systems.
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1. Introduction

[2] If asked to characterize the risk of pesticide move-
ment to groundwater, there are two aspects one should
consider. The first is the consequences of the application.
Most modeling and field studies consider this aspect, as
they focus on the prediction or measurement of the concen-
tration which reaches a certain depth. However, low con-
centrations of a chemical can potentially pose a risk [Hayes
et al., 2003], the toxicity is often uncertain [McCarty and
Borgert, 2006], and model predictions of the concentration
are often highly uncertain [Giambelluca et al., 1996].
Therefore, there appears to be a need for alternatives to
flux prediction for risk assessment.

[3] Some modeling studies consider the second compo-
nent of a risk matrix (Table 1), the likelihood. However, those

'School of Earth and Environment, University of Western Australia,
Crawley, Western Australia, Australia.

2Centre for Water Research, University of Western Australia, Crawley,
Western Australia, Australia.

*Department of Water Management, Faculty of Civil Engineering and
Geosciences, Delft University of Technology, Delft, Netherlands.

“Department of Geography and Department of Civil and Environmental
Engineering, University of Illinois at Urbana-Champaign, Urbana, Illinois,
USA.

3 Agrosphere, ICG-4, Forschungszentrum Jiilich GmbH, Jiilich, Germany.

®Now at BASF SE, Limburgerhof, Germany.

Copyright 2010 by the American Geophysical Union.
0043-1397/10/2008 WR007506$09.00

W02513

modeling studies focus on deriving probability distributions
of leached amounts, and therefore suffer the same limita-
tions just described. No studies have yet considered the
frequency of leaching events as a possible measure of
leaching risk. This is relevant for many pesticides and
metals which strongly sorb to the soil as there is a
significant body of evidence which indicates that they are
transported predominantly through fast flow pathways,
such as surface runoff and preferential flow episodically,
during discrete rainfall events [Leonard, 1990; Flury, 1996;
Kladivko et al., 2001]. Therefore, knowledge of the fre-
quency of these events and their timing with respect to
chemical application may provide a hitherto neglected
opportunity to quantify leaching risk.

[4] In the unsaturated zone these rapid flow pathways
often consist of biopores, structural voids and textural
heterogeneities. The triggering of flow through these macro-
pores occurs when the rainfall intensity exceeds the infil-
tration capacity of the surrounding soil matrix or when the
soil wets sufficiently to fill the largest pores [Beven and
Germann, 1982]. These thresholds are why pesticide leach-
ing appears episodic, as not every rainfall event will trigger
rapid preferential flow. Another important consideration is
that the water in preferential flow pathways needs to have
interacted significantly with the soil matrix where the
pesticides reside. For those pesticides which strongly sorb
to soil this is often near the soil surface [Flury, 1996; Allaire
et al., 2002]. Rapid pesticide transport associated with
macropore flow is therefore driven by the upper boundary
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Table 1. Typical Risk Matrix

Consequences
Frequency (d~')  Likelihood  Insignificant Minor Major
1 certain moderate high extreme
107! likely moderate high high
1072 probable low moderate high
1073 unlikely low low moderate
1074 improbable low low moderate

condition, in particular rainfall events which cause these
thresholds to be exceeded.

[5] Recently the structure of rainfall has begun to be
included within a developing theory of preferential flow and
pesticide leaching [Heppell et al., 2002; Malone et al.,
2004; Struthers et al., 2007; McGrath et al., 2007, 2008a,
2008b; Nolan et al., 2008]. Heppell et al. [2002] used
repeated applications of a mobile tracer at the soil surface to
identify a combination of rain event duration and rain event
intensity as controls on the amount of preferential flow
occurring in a heavy clay soil. The distribution of rainfall
within an event is also known to have a significant impact
upon the amount of chemical preferentially transported
[Malone et al., 2004; McGrath et al., 2008a]. Nolan et al.
[2008] recently conducted classification and regression tree
analysis of modeled pesticide transport to evaluate the role
of various climatic factors. They found that both short, i.c.,
large rain events shortly after application, and long time
scale, i.e., seasonality in climate, controlled leached
amounts. For large cumulative leaching they also found
seasonal rainfall thresholds as a control in association with
clay content. The role of individual events or the frequency
of preferential flow events was not assessed. These studies
suggest that with knowledge of the statistical properties of
rainfall, which trigger preferential flow, we may be able to
predict how and when different soils vary in their suscep-
tibility to rapid pesticide transport. Experimental studies
however, have so far failed to quantify the rain event
controls on pesticide transport [Flury, 1996; Kladivko et
al., 2001]. In this paper we seek to quantify those rain
events by applying a novel analysis of a high-quality
herbicide leaching experiment. The experiment entailed a
3 year lysimeter monitoring program, measuring the trans-
port of two herbicides: methabenzthiazuron (MBT) (CAS
18691-97-9), isotope labeled ethidimuron (ETD) (CAS
30043-49-3), and a bromide tracer [Dressel, 2003]. Prefer-
ential flow has been established as a significant component
of the water balance [Kasteel et al., 2006] and to rapidly
transport pesticides [Ptz et al., 1998] in the soils used in
this experiment.

[6] As bromide is very mobile and will be rapidly moved
below the surface of the soil, we expect that in the dynamics
of transport, the effect of fluctuations of rainfall at the upper
boundary will be significantly dampened. Therefore, coarse
resolution rainfall and average water balance statistics will
describe its transport. The herbicides however strongly
adsorb to the soil, and will persist near the soil surface for
much longer. Previous modeling has demonstrated that in
the absence of preferential flow the herbicides are not
expected to be transported through the lysimeter during
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the experiment [Dressel, 2003]. Therefore, given the prox-
imity of these chemicals to the upper boundary and the
thresholds required to trigger rapid preferential flow near
the soil surface, we hypothesize that rainfall statistics which
reflect intense rain events will predict the occurrence of
potentially significant herbicide leaching periods.

[7] Rainfall is characterized here by indicators such as
rainfall event properties such as the interstorm period, storm
duration and storm intensity as well as time averaged rainfall
intensities for various intervals ranging from 10 minutes up
to the temporal resolution of solute flux measurements
which ranges from 2 weeks to 2 months. Using regression
tree analysis these storm and rainfall resolution statistics are
related to the water flow and solute transport observed in the
experiment. The data-based approach was adopted in order
to identify the rainfall controls, independent of any hydro-
logical model structures. The paper is organized as follows.
First we provide an overview of the experiment and relevant
results from that work. After an initial exploratory data
analysis the results of the regression tree analyses are
discussed. On the basis of these results we propose a simple
storm event indicator which can be used to give a prediction
of the probability and timing of large herbicide leaching
events in the experimental system. Finally, we outline how a
frequentist approach to leaching risk could be implemented
using these results.

2. Methods

[8] The data used here were generated as part of a larger
study aimed at evaluating solute transport at the plot and
field scales [Piitz et al., 1999; Dressel, 2003]. The following
briefly summarizes the experimental design, relevant results
from that work and our analysis of it.

2.1.

[s] The leaching experiment was conducted simultaneous-
ly at two sites: Merzenhausen, Jilich, Germany (MRZ)
located at approximately 6°17'46” longitude 50°55'47" lati-
tude; and at Institute Agrosphére, Forschungszentrum Jiilich
(FZJ) located approximately 10 km south east of MRZ. In
the 25 years prior to the experiment the mean daily air
temperature at FZJ varied seasonally between —5 to 24°C in
phase with the evaporation (92 mm month™' to 9 mm
month™ ') and rainfall (78 mm month™' to 51 mm
month ). The soil used in the experiments is classified as
silt loam, and reportedly had earthworm burrows in abun-
dance up to 2.5 m below ground surface [Piitz et al., 1998].
The saturated hydraulic conductivity of the soil at 10—16 cm
depth was determined to be approximately 17.5 mm h™'
[Dressel, 2003]. Table S1 in the auxiliary material provides
more detail on soil properties, as determined by Pritz [1993].!

Site Description

2.2. Lysimetry

[10] During November 1993, a total of 12 stainless steel
cylinders were cored into the ground at the MRZ field site
to collect undisturbed soil monoliths. These cylinders were
110 cm tall with an upper surface area of 0.5 or 1.0 m?. The
cylinders, containing the soil, were then assembled into
lysimeters. In October 1995 six of these lysimeters were

'Auxiliary materials are available in the HTML. doi:10.1029/
2008WRO007506.
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Figure 1. Evaporation and rainfall at different temporal resolutions at Forschungszentrum Jiilich.
Shown are (a) daily potential evaporation and leachate sampling dates (circles), (b) daily averaged rainfall
intensity, (c) hourly averaged rainfall intensity, and (d) 10 min resolution rainfall intensity.

placed in situ at MRZ to be studied in conjunction with a
field-scale experiment, while the remaining six were in-
stalled at the lysimeter facility at FZJ. Following spray
application of all three substances on 13 November 1997,
percolate was collected from each lysimeter on 43 occasions
between 2 December 1997 and 15 November 2000, initially
at weekly to fortnightly intervals, then increasing to monthly
then bimonthly sampling. The lysimeters were maintained
free of vegetation by occasional shallow mechanical
weeding and application of a commercial grade, broad
spectrum herbicide, Roundup”, the active ingredient of
which is glyphosate. These applications occurred on 2 May
1997, 2 July 1997, and 5 November 1999 at 4 L ha .
The lysimeters were otherwise not irrigated during the
experiment.

2.3. Climate Data

[11] Weather stations collected data from September 1996
to June 2000. The weather station at MRZ was located
within 50 m of all six lysimeters while at FZJ the weather
station was approximately 200 m from the lysimeter facility.
Rainfall was measured with a tipping bucket rain gauge
(Thiess, Géttingen) at a resolution of 10 minutes. Wind
speed at 0.02 m (heat wire anemometer, Type 8470, TSI,
Aachen Germany), 0.2 and 2 m (bowl anemometer, Porton
A100, Walz, Effeltrich, Germany), global radiation at 2 m

(pyranometer LI-200SA, LI-COR, Lincoln, USA), air
temperature and humidity at 2 m (psychrometer, Thiess,
Gottingen, Germany) were also measured at 10 min inter-
vals. Evaporation reported here is presented as potential
evaporation, calculated using the Penman equation (see
Dressel [2003, p. 101] for details). Rainfall and potential
evaporation measured at FZJ, as well as leachate sampling
times are shown in Figure 1.

2.4. Chemical Application and Analysis

[12] The chemicals used in the study consisted of bromide
(Br7) as potassium bromide (KBr) and the herbicides
methabenzthiazuron (MBT), 1-Benzothiazol-2-yl-1,3-
dimethylurea, and ethidimuron (ETD), 1,3-Dimethyl-3-
(5-ethylsulfonyl-1,3,4-thiadiazol-2-yl)-urea, which was
14C-labeled in the thiadiazole-2 position. The chemicals
were applied to the lysimeters on 13 November 1997 at
1.57kgha™', 1.72 kg ha™' of active ingredient for ETD and
MBT, respectively, and 311 kg ha~' for Br~ with a pesticide
sprayer by hand in a 0.2 mm pulse. The herbicides were
applied in a formulation with comparable properties to the
commercial grade products Ustilan’ (ETD) and Tribunil”
(MBT) [Dressel, 2003].

[13] Chemical analysis of the herbicides was conducted by
HPLC-MS/MS. Radioactivity was measured by liquid scin-
tillation counting. Bromide was analyzed by ion exchange
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chromatography. The quantitation limits established for the
analyses were 0.05 ug L™ (ETD), 0.01 ug L' (MBT) and
0.05 mg L™ (Br~") [Dressel, 2003]. Cumulative water flow
and solute transport measured by each lysimeter are shown
in Figure 2.

[14] Laboratory batch experiments determined sorption of
the herbicides to the soil followed Freundlich isotherms and
degradation was found to decrease exponentially with time
[Brumhard, 1991; Zetler, 1998; Wiistemeyer, 2000] (as cited
by Dressel [2003]). MBT was approximately 20 times more
strongly sorbing to the soil than ETD [Dressel, 2003].
Selected chemical properties are summarized in the auxil-
iary material (Table S2). For the Ap horizon, sorption
parameters are similar to reported values in the literature
for MBT, where Freundlich Kfoc was found to be 633 L*~ 1"
kg™ 7 and the exponent (n~") 0.69 [Dressel, 2003; Baez et
al., 2001]. For ETD the Freundlich Kz, increased from
27 L3V kg™ to 144.8 L* 7" kg~ over several batch
equilibrium sorption/desorption experiments, while n~' was
found to be 0.86. Measured degradation rates showed that
MBT was 4.5 times more rapidly degraded than ETD, with
half-lives of 44.6 and 198 days, respectively [Dressel,
2003]. MBT degradation rates were also comparable to
previously published values [Rouchaud et al., 1998]. Sorp-
tion and degradation values for ETD could not be found in
the literature prior to submission.

2.5. Data Preparation: Leaching Variables

[15] The average leachate behavior of the six lysimeters
was used to generate a “field” averaged value for both sites.
As described in more detail in section 3, the drainage rate
was found to be nearly constant over long periods of time.
Within the 3 year observation record, five distinct drainage
periods (“‘regimes”) were observed, each with a constant
drainage rate that is different from the preceding or subse-
quent regime. During each of these regimes solute dissipa-
tion was also found to decay exponentially with time (see
Figures 3b, 3¢, and 3d). In order to better capture short-term
variations in leaching, the effect of these regimes was
removed by subtracting the regime average dissipation
(drainage) rate from the dissipation (drainage) rate between
subsequent measurements.

[16] The dissipation rate k; [

calculated as
1 My —M;
A[L In ( My — M; ) (1)

where In denotes the natural logarithm, M, [M] the applied
mass, M; [M] the site averaged cumulative mass of solute
measured in the leachate at time #;, = ¢,_; + A¢,; [T], and A¢
[T] the time between the consecutive measurements. For
dralnage k; = (D; — D,;_1)/At; where the units of k; are now
[LT '], and D; [L] is the cumulative dramage at time ;. The
average dissipation (dramage) rate k [T~'] of regime j was
calculated by linear regression (see Table S4 in the auxiliary
material). These variables are denoted D, Br, MBT and
ETD for drainage, Br~, MBT and ETD, respectively. Three
data points were excluded from the linear regressions,
however all points were considered in terms of deviations
from the linear trends. Those points excluded from
regressions caused significantly poorer linear correlation

T '] due to leaching was

ki_
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when included. They are interpreted here as part of short
transitional phases between two clearly distinct regimes,
and possibly a third which existed at the beginning of the
experiment. These data and the initial point are shown in
Figure 3 as open diamonds.

[17] The difference between short time scale (k;) and
regime average (k;) rates, including all data, were then
normalized by the maximum difference across all measure-
ments, to derive the normalized regime deviation &*; [—],
ie.,

ke = (k= )/ max (ks — ) 2)

Vij}

Positive values of £*; indicate a dissipation (drainage) rate
above the regime average rate, k*; < 0 indicate below
regime average fluxes and values near zero indicate the flux
was close to the average flux in the regime. This variable
helps us to interpret the short-term fluctuations in drainage
(D¥*) and leaching (Br*, MBT* and ETD¥*), filtering out the
effect of regime behavior on leaching. The following
describes the rainfall variables considered for comparison.

2.6. Data Preparation: Climate Variables

[18] Storm properties and a variety of rainfall resolution—
dependent statistics were adopted for the multivariate anal-
ysis. Storms were identified from the data as rainfall records
for which there was a minimum of 7 h of no rain between
two rainfall recordings, irrespective of its intensity [Robinson
and Sivapalan, 1997]. Storms are characterized by an
average intensity S; [L T~'], a depth S, [L] and a duration
S; [T]. The interstorm period Sy, [T] is the time between
successive storms. An interstorm or a storm traversing two
sampling intervals was truncated at midday of the day of
sampling. We also considered the rainfall intensity at daily
P4 [L T7', hourly Pgo [L T™'] and 10 min Pjo [L T7']
resolution. Given our hypothesis of the various rainfall
controls, described in the Introduction, we chose only the
maximum (S,, Sr, Sh, Sb, P24, Péo, P]O) and the mean (S}, S,,
Shy Sbs Paa, Pgo, P1o) rainfall statistics for each samplmg
interval for analysis. Finally, the average rainfall P [L T™']
and potential evaporation Ep [L T '] during each sampling
1nterva1 define the climatic water balance WB = P — Ep
[L T~']. The climate variables extracted for analysis are
statistics derived from the same period during which the
leachate sample was collected. Therefore the temporal
resolution of sampling matches the variables chosen for
analysis even if the scale of data comprising each statistic
varies.

2.7. Statistical Methods

[19] Classification and regression tree (CART) analysis
is a nonparametric statistical method for explaining a how
a response variable, either categorical (classification) or
numeric (regression), is related to one or more predictor
variables [Breiman et al., 1984; Venables and Ripley,
1994]. CART was used here to identify the dominant
rainfall controls on dissipation and drainage rates, therefore
all predictor variables and explanatory variables are numeric
values. A regression tree is generated by hierarchically
splitting the data based on a simple rule defined by one
explanatory variable at each split. In this case data are
partitioned into one of two groups depending upon whether
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FZ] MRZ
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Figure 2. Cumulative amounts of water and solutes in leachate in each of the 12 lysimeters at
Forschungszentrum Jilich (FZJ) and Merzenhausen (MRZ). Plot symbols correspond to different
lysimeters at each site. To make the plots clearer, some data were scaled. For lysimeter 4 the mass was
reduced by 1/6 for ETD and 1/3 for MBT; the MBT mass for lysimeter 9 has been multiplied by 1/5; and
for lysimeter 12 the MBT mass was multiplied by 10.
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Figure 3. Regime behavior of site averaged (a) cumulative
drainage, (b) bromide, (c) MBT, and (d) ETD dissipation at
FZ]. Vertical lines separate regimes, denoted by the Roman
numerals. Diamonds denote the site average; error bars
show the 95% confidence interval about the mean; solid
lines are the linear regressions; and dashed lines are the
standard error of the estimate.

a chosen explanatory variable is less than or greater than a
threshold value. The choice of split to use at each level in
the tree is determined by an exhaustive search of possible
splits, which maximizes the improvement in a goodness of
fit measure [Venables and Ripley, 1994; Nolan et al., 2008].
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In our case we use the mean squared difference of the
response variable from its mean in each split, the so-called
deviance, as the goodness of fit measure [Breiman et al.,
1984; Qian and Anderson, 1999]. A tree can be grown until
each leaf of the tree contains only one data point (and zero
deviance) or a minimum split size (we chose to use a
minimum of five data), however leaving the analysis here
results in a complex tree model which tends to over fit the
data. To overcome this, v-fold cross validation is used to
effectively prune branches in order to find a minimal tree,
more robust to noise in the data. This procedure assesses
how well the tree performs on subsamples of the data used
to grow the tree, and is useful when the data set is not very
large [Breiman et al., 1984]. We used tenfold cross valida-
tion which randomly splits the data set into 10, approxi-
mately evenly sized groups. One of these groups is then
removed and the remaining nine groups are passed through
the tree, allowing the calculation of the sample deviance at
each split. This procedure is repeated giving an average
deviance at each split. From this the tree size can be selected
automatically as the smallest hierarchy of splits whose total
average deviance is within one standard error of the of
deviances of the tree size with the minimum average
deviance [Breiman et al., 1984]. The software SPlus version
6.1 was used for the analysis [Venables and Ripley, 1994;
Insightful Corporation, 2005]. The auxiliary material shows
the results of the cross validation leading to the choice of the
tree sizes for each analysis (Figure S1). Figure 4 illustrates
how to interpret the regression trees presented.

3. Results and Discussion

3.1. Exploratory Data Analysis

[20] Rainfall properties appear to change throughout the
year. For example, summer and spring rainfall events
(~days 100—-300 and 500—700) are less regular and much
more intense than autumn and winter rainfall which occurs
frequently and at generally lower intensities (Figure 1). There
is also a clear difference displayed in the rainfall intensity
with a change in temporal scale. The highest intensities are
observed at the 10 min measurement resolution.

[21] Br, MBT, and ETD were detected in the first leachate
sampling event, 19 days after application (Figure 2). Such a
rapid breakthrough suggests that preferential flow was
responsible [Piitz et al., 1998; Dressel, 2003]. This is
supported by modeling [Kasteel et al., 2006] which identi-
fied that as much as 30% of drainage occurred as rapid
preferential flow in this soil. While all solutes were trans-
ported equally fast initially, there are clear differences in
their transport behavior. Overall, Br~ displays a smoother
breakthrough curve (see Figure 2). The herbicides on the
other hand display more episodic leaching.

[22] In fact, only four of the largest leaching measure-
ments, on days 47, 108, 208 and 224, accounted for between
63.1% (MBT) and 49.2% (ETD), of the total herbicide mass
leached during the experiment. These same four samples
accounted for only 9.3% of the total Br~ mass leached.
These fractions are in the same order as the strength of
adsorption to soil, thus supporting our hypothesis, that the
significance of rapid transport is greater for more strongly
sorbing substances. This is further supported by the break-

6 of 12



W02513 MCGRATH ET AL.: IDENTIFYING RAPID TRANSPORT RAIN EVENTS W02513
data=A,B,C,D,E, F
X <3 X>3 Data Predictor Response Tree result
Label variables variable Number Mean Deviance
AB CD,EF W X Y VA of data
EeTy S T S S B —
B 3 2 2 4
C 5 3 3 4 1 4 0
Y <4 Y >4
D 1 4 4 8 3 6 3
C D,E, F E 2 5 4 4
mean = 3 F 0 6 6 6
. 4 6
(deviance =2,
©O,1) 8,3)

number = 2)

Figure 4. An example regression tree to predict the response variable Z from a multivariate data set
comprising the predictor variables W, X, ¥, and Z. Variable ¥ was not used to develop the tree or was
trimmed during cross validation. All the data points, A, B, C, D, E, and F enter the tree at the top. Data A
and B which satisfy the condition that X < 3 are partitioned to the left, and those that do not are
partitioned to the right. This partitioning is continued through to the end of the tree. Shown at the end of
each branch is the predicted value of Z, i.e., the mean of the Z values at that point, the sum of squared
difference from the mean, the deviance, and the number of data points reaching the terminus.

through curves which suggest little additional chemical is
expected to be leached beyond the end of the experiment.

[23] The largest herbicide transport event for most lysim-
eters was observed in the sample collected on day 208.
Just prior to this the largest hourly (17 mm h™' at MRZ)
and 10 min (85 mm h™' at MRZ) rainfall intensities for the
experiment were recorded at both sites (see Figure 1). This
is consistent with observations that the greatest transport
occurs as a result of the most significant rainfall event in the
period after application [Kladivko et al., 2001].

[24] However, 208 days is a significant amount of time
since application, and one would expect most of the Br™ to
have moved well below the soil surface by then. So could
the presence of a subsurface plough layer be responsible for
the large herbicide and bromide transport at this time? The
significance of earlier preferential flow events (days 47 and
108) and the soil data (see Table S1 in the auxiliary material)
do not support this hypothesis. Additionally, modeling by
Dressel [2003] suggests that, in the absence of preferential
flow, the bromide concentration in outflow was coinciden-
tally, expected to increase significantly around day 200.
Therefore, significant exchange between mobile and immo-
bile regions of the soil as a result of the large input of water
at this time, along with the imminent breakthrough of
bromide that has largely moved slowly through the soil
matrix, can explain the large flux of bromide at this time.

[25] Cumulative drainage and bromide transport were
similar both within (p < 0.01) and between (p < 0.01) sites
(see also Figure 2). In contrast there was greater within site
variability for herbicides in comparison to Br~ transport.
There was also a significant (p < 0.01) difference in the
mean amount of herbicides leached between sites. This
further emphasizes the limitations of solute flux prediction
given that the soil from all 12 lysimeters was originally
collected from the same field. Within and between site
differences in solute leaching and applications are summa-
rized in the auxiliary material (Table S3). The greater
variability of herbicide transport within a site may be due
to heterogeneity of fast transport pathways and soil chem-
ical properties [Allaire et al., 2002; Muller et al., 2003].

[26] When considering the site averaged behavior, there
were five distinct periods, regimes, during which the drain-
age rate was approximately constant (Figure 3). There were
also rapid transitions between these regimes (Figure 3a).
The transitions are expected to result from the episodic
propagation of near surface boundary conditions through
the wetting profile. For example, most of the variability at
the upper boundary is buffered, leading to only small
variations in water content at the lower boundary, which
in turn controls the outflow in the lysimeter. Occasionally a
sufficiently large perturbation propagates to depth to estab-
lish a new water content in the unit gradient zone and hence
a new flux. While seasonality is clearly a control it is
interesting that the regimes occur for a little as a month
and longer than three months, that the transitions are rela-
tively rapid, and the drainage flux is so stable. This regime
behavior was reproduced by an uncalibrated HYDRUS 1D
[Simunek et al., 1998] simulation (see Figure S2 in the
auxiliary material). It has also been observed previously at a
large 4 m deep, sandy, free draining lysimeter located at
Colbitz, Germany [Struthers et al., 2003], suggesting it is a
more general phenomena than previously recognized.

[27] The solutes display a similar pattern, with log linear
regimes matching each of the drainage regimes (Figure 3).
The average drainage and dissipation rates for each of these
five regimes is summarized in the auxiliary material (Table
S4). It is also apparent that herbicide transport is signifi-
cantly affected by a small number of large leaching events
causing large deviations from the regime dynamic, and to a
much lesser degree Br~ and drainage. It is these deviations
from the regimes that we will exploit to derive short-term
fluctuations in leaching, so that we can filter out the effect
of seasonality and ongoing chemical degradation.

[28] While lysimeters provide well defined boundaries for
flux calculation, they do suffer some limitations. Modeling
by Abdou and Flury [2004] showed that mobile solutes
such as bromide may actually move slower and disperse less
in lysimeters which developed a significant saturated zone
in comparison to their field counterparts. The lower bound-
ary in a lysimeter will tend to keep the soil wetter,
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WB < 2.5mm/day
Py < 12mm/day
Py < 4.1mm/hr
S, < 3.2hr
S'h < 6.5mm
Sp < 1.1mm

lW < 70.2mm/day‘

0.6 15
2.9 5.1 (19, 33) (15, 31)

(5.9,5) (11, 5)

(a) D
l

Pyy < 4.2mm/day
Pgo < 0.7mm /hr

0.45 0.82 039 —
(0.31,5) (0.15,5) (0.11, 5) |[F2a <14mm/day

-0.08

(0.65, [WB < 0.48mm/day]

45)

0.05 0.33
(0.04,8)  (0.56, 6)

(b) D~

Figure 5. Regression trees for drainage to predict (a) sample
interval drainage rate D and (b) normalized difference
between sample interval and regime average drainage rate D*.

throughout the profile, thus reducing the potential for
exchange between preferential flow pathways and the soil
matrix during rapid transport. Therefore, we expect that
preferential transport would actually be moderately en-
hanced in a lysimeter in comparison to a corresponding
field soil, with a deep water table.

[29] Also, in relation to the lower boundary, does signif-
icant mixing occur in the near saturated zone and does this
explain the transport regimes? First we note that the regimes
are evident very early after the experiment commenced, and
before a “lower mixing zone” would have any significant
amount of chemical to mix. One fully mixed inflow-outflow
cell, with an initial concentration and no further inputs,
would ideally lead to an exponential decay as observed. It is
well established that for pesticides such a mixing zone
occurs near the soil surface [Ahuja et al., 1981; Steenhuis
et al., 1994]. Therefore, if the lower boundary is also acting
as a significant mixing zone for the herbicides, we would
expect the system to behave like two tanks in series, which
would not be expected to produce the observed log linear
behavior. We anticipate that solute mass exchange between
mobile and immobile regions in the unsaturated zone is
correlated with the bulk water content, which in turn is
related to the drainage regimes. Further work is required to
verify this, but we would like to reiterate that our focus in
this paper is to exploit the regimes in order to evaluate
short-term fluctuations in leaching.
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3.2. Regression Tree Analysis

3.2.1. Drainage

[30] With a maximum interstorm duration S,<52h, D
drainage rates are predicted to be large at 4.0 mm d~'
(Figure 5). In addition to the principal split identified by the
CART analysis, we can also assess the role of other
potential splits that were omitted. Where other splits have
a similar deviance then they may have been excluded just
by chance due to the limited size of the data. An evaluation
of possible alternative principal splits revealed that a pos-
itive climatic water balance of WB > 2.2 mm d ™', provided
a similar partitioning of the data.

[31] With the condition that S, < 52 h, a number of
secondary criteria split the resulting data equally well. This
occurred in part because of the size of the data set, but due
also to the nature of the storms occurring when the largest
drainage rates were observed. These criteria consist of
relatively high maximum daily and hourly rainfall intensi-
ties, maximum storm duration, maximum storm depth,
mean storm depth as well as a large and positive climatic
water balance. Where all these variables were exceeded the
greatest drainage rates were predicted (D =5.1mmd™").
When S}, > 52 h the drainage rate was predicted to be D =
1.0 mm d ", For these data the climatic water balance was a
dominant control on the drainage rate with WB < —0.2 mm
d™" predicting D = 0.6 mm d”' and D = 1.5 mm d~'
otherwise. While the temporal resolution of sampling was
coarser than the rainfall resolution we may interpret that the
largest drainage measurements (D = 5.1 mm d~ ") were
likely caused by a single large rainfall event (Pg, > 4.1 mm
h™' and P,y > 12 mm d ') in each | sampling perlod
occurring on wet soils, as suggested by WB > 2.5 mm d .

[32] The regression tree to predict D* (Figure 5b)
appears quite similar to that derived for D (Figure S5a).
When S, < 52 h and the average daily (Pos < 4.2 mm d ™)
and hourly (Pgo < 0.7 mm h™") rainfall intensity are low, the
normalized regime deviation D* is predicted to be 0.45,
indicating relatively large, above regime average fluxes.
When these mean rainfall intensities were greater, the
normalized regime deviation was predicted to be greater
(D* = 0.82). With S, > 52 h and a short average time
between storms Sy, < 9.3 h, the normalized regime deviation
was again large (D* = 0.39). With longer mean times between
storms, D* was also large when the max1mum daily rainfall
intensity was high (P4 > 14 mm d ') and c01nc1ded with a
positive climatic water balance (WB > 0.48 mm d~"). Where
these conditions are not met D* was near zero indicating
close to regime average drainage rates.

[33] These results suggest a soil moisture control on
short-term large drainage rates [Heppell et al., 2002]. For
example, large D* occur when there is greater average
rainfall on wet soil, which is likely when WB is large and
Sy, is small. However, when storms occur less frequently,
surface soils are likely to be drier resultmg in the need for
large rain event (P,4 > 14 mm d ") to overcome this water
limitation. If soils are too dry, as suggested by a small WB,
then none of the rain days above Pyy > 14 mm d~! were
sufficient to trigger rapid drainage.

3.2.2. Bromide

[34] The regression tree to predict Br dissipation rates
(Figure 6a) appears to reflect the timing of the breakthrough
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4.3
(69, 36)
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2.7
(40, 38)

W B < 0.45mm/day
|

Sy < 9.4hrs

0.78 0.29
(0.73, 6) (1.0, 19)

0.08
(1.2, 49)
(b) Br*

Figure 6. Regression tree analysis of rainfall controls on
bromide leaching to predict (a) sample interval bromide
dissipation rates Br and (b) normalized difference between
sample interval and regime average bromide dissipation
rate Br¥*.

of the tracer. A single split in the data was identified after
cross validation, and this split corresponds approximately to
the climatic water balance of regime III during which most
of the leaching occurred. Large Br is associated with a
larger positive climatic water balance. By considering
instead the short-term fluctuations, the normalized regime
deviation Br* (Figure 6b), partially removes this effect. The
principal split in the data is now given by WB < 0.45 mm
d™" (the majority of data) where Br* are close to zero and
hence the bromide leaching is predicted to be near the
regime average. When there was large positive climatic
water balance WB > 0.45 mm d~', Br* was large and Br*
was greater still if there was a short mean time between
storms S}, < 9.3 h. This is similar to the Sy, < 9.4 h criterion
which occurred in the D* regression tree, also predicting
greater normalized regime deviations.
3.2.3. Herbicides

[35] The CART analyses of herbicide leachate rates and
normalized regime deviations produced identical trees,
therefore for brevity regression trees are presented for
MBT* and ETD* only (see Figure 7). This similarity
suggests that the pulsed transport of herbicides is so
dominant it is being pickup by both analyses.

[36] A maximum storm depth of S}, > 19 mm was found
to be the first split in the trees for both MBT and ETD and
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predicted the largest deviations (MBT* = 0.4 and ETD* =
0.5). Therefore, a single storm in the two week to two
month sampling interval dominated the largest herbicide
leaching events. It was decided to check if this split may
have occurred as a result of chance and whether there were
alternative splits which could provide similar predictions.
An evaluation of these other potential splits (see Table S5 in
the auxiliary material), which were very similar for MBT*
and ETD* (not shown), indicated large average and coarse
temporal resolution rainfall statistics lead to similar predic-
tions. These larger average rainfalls were also found to
occur along with large maximum storm depths in many
sampling periods with greater amounts of herbicide leach-
ing. As a result it is considered that both wet soils in
conjunction with a large storm event contributed to the
largest leaching events. The same control, i.e., a large

gb < 40 hrs

021 — 0.4
(0.78, 6) Sp <14 hrs (0.86, 5)
|W < —0.12 mm/day| -0.007
(0.015, 47)
0.16 0.02
(0.03, 5)  (0.006, 11)
(a) MBT*
S'h < 19mm
[
| Sy < 9hrs |
0.1 -0.002
(0.07, 10)  (0.05, 59)
0.5
(0.9, 5)
(b) ETD*

Figure 7. Regression tree analysis of rainfall controls on
herbicide leaching. Regression trees predict the normalized
difference between sample interval and regime average
dissipation rates for the herbicides (a) MBT* and (b) ETD*.
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Figure 8. Probability of rapid leaching (i.e., X* > 0, where
X* denotes Br*, ETD*, or MBT*), given that the maximum
storm depth S}, is greater than S,

rainfall event on wet soils, has also been previously iden-
tified for glyphosate leaching [Vereecken, 2005].

[37] For the more strongly sorbing chemical, MBT, a
maximum time between storms Sy, < 40 h predicts MBT* =
0.21 (Figure 7a). In a similar way to drainage, a greater
maximum interstorm time Sy, > 40 h, but with more frequent
storms on average S, < 14 h, predicts above regime average
dissipation rates. When storms occur frequently however, a
negative climatic water balance WB < —0.12 mm d '
predicts higher MBT*. The criteria leading to this suggest
that the negative climatic water balance represents stormy
summer rainfall and this is supported by an examination of
these data. Additionally, they displayed relatively large
maximum 10 min rainfall intensities or in one instance a
maximum storm depth of 18 mm.

[38] For ETD (see Figure 7b), the second split in the tree
was Sy < 9 h, and in a similar way to the trees for D* and
Br*, predicted ETD* to be larger when the mean interstorm
period was short. When S, > 9 h, as is the case for the
majority of data, ETD* was close to the regime average.

[39] In a similar fashion to the results for drainage, the
regression trees for herbicide transport suggest a soil mois-
ture control on leaching for less frequent lower-intensity
storms. The largest leaching events occur when an extreme
storm occurs on wet soils, as suggested by the high average
rainfall of the alternative splits (refer to Table S5 in the
auxiliary material) which after inspection comprise largely
the same data. These events were not limited by soil
moisture. When storm events are smaller, more frequent
storms promote herbicide leaching, suggesting event mag-
nitude is limiting to transport. Finally when both storm
magnitude and soil moisture are limiting herbicide leaching
follows the regime behavior. This classification is similar to
that derived by Heppell et al. [2002] in the context of
preferential flow.

3.2.4. Evaluating a Rainfall Event Threshold

[40] The 19 mm maximum storm depth, as identified in
the regression tree analysis for herbicide leaching, predicts
the timing of between 10% (FZJ) and 17% (MRZ) of above
regime average leaching events for both MBT and ETD.
Despite this however, at the MRZ site the threshold
accounted for 55% (MBT) and 56% (ETD) of the total
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amounts of herbicides leached, while at FZJ the amounts
were lower at 40% (MBT) and 38% (ETD). In contrast this
threshold only accounted for between 1% (FZJ) and 10%
(MRZ) of the total bromide leached.

[41] On the basis of our results it is reasonable to expect
that as the magnitude of the rainfall event increases, we can
be more confident that rapid pesticide leaching occurs,
because soil moisture becomes less limiting. This can be
seen in a plot of the probability that a leaching period is
above regime average, conditional on the magnitude of the
largest storm Sy, (see Figure 8). This probability Prob(X* >
0|.§'h > S,), where X denotes Br, ETD or MBT, was
estimated from those data which satisfied the condition that
Sh > S, as the fraction of leaching measurements whose
regime normalized deviation X* was greater than zero, i.e.,
displayed above the regime average leaching behavior.

[42] Tt can be seen that as Sj, increases the conditional
probability of above regime average leaching increases for
both pesticides, whereas it remains nearly constant for
bromide. The greater fluctuations with increasing maximum
storm depth is a result of the limited number of events
with large maximum storm depths. Significant (p < 0.01)
increasing trends were found for both pesticides while the
trend for bromide was not significantly different from zero.
Again, the reason for this appears to be that strong sorption
causes pesticides to be available in the soil surface where
they can be influenced by short-term, but significant, rainfall
events. Bromide on the other hand, is rapidly transported
away from the surface and is subject instead to the influence
of a buffered rainfall input. The gradual increase in the
probability of rapid leaching with increasing maximum
storm depth for the pesticides suggests that other rainfall
characteristics, such as storm duration and intensity also play
a role in rapid transport, particularly when storms are
smaller. In systems where soil moisture fluctuations are
likely to be more significant a simple storm depth threshold
might not be sufficient. Instead a more sophisticated com-
bination of rainfall frequency, intensity, duration and within-
storm characteristics may be required [Heppell et al., 2002;
McGrath et al., 2007].

4. Potential Approaches to Frequentist Risk
Assessment

[43] The above results indicate that significant pesticide
transport by preferential flow is associated with the occur-
rence of a threshold storm depth. Therefore existing rainfall
data could be used to assess the timing and frequency of
rapid herbicide transport events. Where rain data are avail-
able at sufficient resolution to define these events this
should be straight forward to do. Alternatively, with the
use of empirical or physical climate models, downscaling
methods could be employed.

[44] However, there were also indications that rainfall
intensity, duration and frequency were important too. Trig-
gering of rapid preferential flow by the limited ability of the
surface soil matrix (as opposed to the entire soil including
macropores) to fully infiltrate precipitation is likely to be the
primary and more general mechanism of enhanced leaching
events [Beven and Germann, 1982; Edwards et al., 1992].
Mobilization of colloids and resulting facilitative transport
as a result of high-intensity rainfall and/or changes to soil
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chemistry may be another [Flury, 1996; de Jonge et al.,
2004].

[45] One possible way to tackle the first of these mech-
anisms is to use an infiltration model to simulate the
occurrence and magnitude of macropore flow events
[Struthers et al., 2007; McGrath et al., 2007]. This would
allow quantification of the frequency of rapid leaching
events at sites where leaching data are unavailable. With
such a model, macropore flow magnitude-frequency rela-
tionships for particular soil-climate systems could be estab-
lished. This may be one way to begin to quantify leaching
risk without the added uncertainty of complex simulations
of flow and solute transport of the entire unsaturated zone.

5. Conclusions

[46] A careful analysis of a 3 year lysimeter leaching
experiment has revealed, at a coarse scale, regime behavior
of water flow and solute transport. This is evidence of a
soil-climate system which behaves as a linear system with
threshold switching between stable states. The water flow
regimes are to be expected based upon unsaturated flow
theory, however a better understanding of the circumstances
required for this behavior to be observed requires more
research.

[47] We exploited these regimes to determine the short-
term fluctuations in transport and to assess what climate
variables are responsible. We found that a threshold storm
depth predicted the occurrence of significant rapid herbicide
transport, whereas a more coarse scale water balance
predicted water flow and bromide transport. The results
also suggest greater rain event frequency promotes prefer-
ential transport when storms are smaller in magnitude.

[48] In this system at least, the historical occurrence of
rain events in excess of 19 mm can be used to assess the
timing and frequency of rapid herbicide transport events.
Alternatively, with the use of an infiltration model we may
be able to better quantify when and how often different soil-
climate systems are likely to experience rapid pesticide
leaching [Struthers et al., 2007; McGrath et al., 2007].
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